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A Novel Ruminant Emission Measurement System: Part II.
Commissioning
Abstract
The Ruminant Emission Measurement System (REMS) supports research on the relationships between
bovine nutrition, genetics, and management strategies by measuring eructated CH4 emissions from ruminal
activity. Part I of this series provides the description and design evaluation of the newly developed REMS
using uncertainty analysis tools. Part II of this series describes REMS commissioning and documents the
whole system and subsystem performance. Subsystem assessments included verification of chamber positive
pressurization, thermal environmental control performance, and integrity of the gas sampling system.
Integrity of the entire system was verified through a steady-state mass recovery percent (SSMRP) analysis,
which compared the total mass measured by REMS (mass recovered) to the total mas injected from a certified
reference (mass injected) during steady-state operation. Uncertainty analysis conducted as a part of
commissioning included propagation of instrument uncertainties, quantification of the variability in repeated
tests, and identification of systematic errors. Results from the subsystem evaluation verified that chambers
were positively pressurized, maintained thermal environmental comfort, and resulted in no measurable
leakage along the sampling path from the chamber to the gas analyzer. The mean SSMRP for the six chambers
ranged from 92.0% to 96.6% with absolute expanded uncertainties (~95% confidence interval) ranging from
10.4% to 13.0%. Mass recovered uncertainty contributed from 70.1% to 90.7% to SSMRP uncertainty, mass
injected uncertainty contributed from 2.5% to 4.0%, and reproducibility contributed from 5.6% to 27.3%.
Significant (p < 0.05) SSMRP systematic bias was found for most chambers; therefore, correction for bias
following the methods developed here is recommended. Example measurements from REMS research
demonstrate how to incorporate a documented standard uncertainty for emissions.
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A NOVEL RUMINANT EMISSION MEASUREMENT SYSTEM:  
PART II. COMMISSIONING 
G. D. N. Maia,  B. C. Ramirez,  A. R. Green,  Y. Sun,  L. F. Rodriguez,  D. W. Shike,  R. S. Gates 
ABSTRACT. The Ruminant Emission Measurement System (REMS) supports research on the relationships between bovine 
nutrition, genetics, and management strategies by measuring eructated CH4 emissions from ruminal activity. Part I of this 
series provides the description and design evaluation of the newly developed REMS using uncertainty analysis tools. Part 
II of this series describes REMS commissioning and documents the whole system and subsystem performance. Subsystem 
assessments included verification of chamber positive pressurization, thermal environmental control performance, and 
integrity of the gas sampling system. Integrity of the entire system was verified through a steady-state mass recovery per-
cent (SSMRP) analysis, which compared the total mass measured by REMS (mass recovered) to the total mas injected 
from a certified reference (mass injected) during steady-state operation. Uncertainty analysis conducted as a part of 
commissioning included propagation of instrument uncertainties, quantification of the variability in repeated tests, and 
identification of systematic errors. Results from the subsystem evaluation verified that chambers were positively pressur-
ized, maintained thermal environmental comfort, and resulted in no measurable leakage along the sampling path from the 
chamber to the gas analyzer. The mean SSMRP for the six chambers ranged from 92.0% to 96.6% with absolute expanded 
uncertainties (~95% confidence interval) ranging from 10.4% to 13.0%. Mass recovered uncertainty contributed from 
70.1% to 90.7% to SSMRP uncertainty, mass injected uncertainty contributed from 2.5% to 4.0%, and reproducibility 
contributed from 5.6% to 27.3%. Significant (p < 0.05) SSMRP systematic bias was found for most chambers; therefore, 
correction for bias following the methods developed here is recommended. Example measurements from REMS research 
demonstrate how to incorporate a documented standard uncertainty for emissions. 
Keywords. Cattle, Climate change, Food security, Methane production, Uncertainty. 
art I of this series (Maia et al., 2015) introduced 
the design evaluation and description of the Rumi-
nant Emission Measurement System (REMS), 
which consists of six positive-pressure ventilated 
hood-type respiration chambers. The objective of REMS is 
to support research on the relationships between bovine 
nutrition, genetics, and management strategies by measur-
ing eructated methane (CH4) emissions from ruminal ac-
tivity. The evaluation performed in Part I documented a 
systematic methodology to estimate combined standard 
uncertainty associated with calculated CH4 emissions from 
ruminant eructation. An analytical approach to the design 
analysis was critical to assess the contributions of individu-
al parameter uncertainties and their effects on the emission 
rate (ER) uncertainty. Knowledge of uncertainty is critical 
to compare ruminant emission measurement techniques 
(i.e., sulfur hexafluoride (SF6) tracer or in vitro gas produc-
tion technique) or different chamber systems to provide 
expected confidence levels for the measurements reported. 
In addition to the analytical approach applied to REMS 
design in Part I, commissioning of the system after con-
struction is required to verify performance and compare 
that performance to the design assumptions and analysis, as 
well as to evaluate integrity of the physical system. Com-
missioning is the final step before full implementation and 
includes information associated with REMS operation, 
identification of systematic errors, and quantification of 
variability over repeated tests. A mass recovery analysis 
can serve as a “whole-system calibration” or as a check on 
operation integrity. These are crucial steps in the evolution 
of open-circuit systems for livestock emissions measure-
ment. 
The mass recovery test compares a known amount of 
mass injected (reference) into the chamber to the total mass 
measured by the system, and it has been the primary meth-
od to validate the chamber technique (McLean and Tobin, 
1987). Several approaches have been used to evaluate sys-
tem recovery. The alcohol combustion method (Carpenter 
and Fox, 1923) utilizes stoichiometric relationships of the 
combustion of alcohols to determine mass generated, but it 
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is often difficult to determine whether the full combustion 
of the alcohol actually occurred (McLean and Tobin, 1987). 
Recently, more accurate mass recovery tests have used 
pulse injections of a known volume of gas and by contin-
uous or step injection of a known mass flow (Hellwing et 
al., 2012; Klein and Wright, 2006; Pinares-Patiño et al., 
2011; Suzuki et al., 2007). A number of precise measure-
ments are required to accurately quantify the known mass 
entering the system, for example, input gas (e.g., CH4, 
CO2, and H2S) controlled by a mass flow controller or 
determined gravimetrically as the change in weight of an 
open gas cylinder on a scale. Errors during the determina-
tion of the injected mass may lead to incorrect estimates 
of mass recovered and should be included in the final 
stated uncertainty. A mass recovery test provides insights 
about the dynamics of the chamber and the integrity of the 
sampling system. Limited work is available on error anal-
ysis and methodology for the injected mass, along with an 
analytical approach to determine the system time constant 
applied to the chamber technique (McGinn, 2006). More 
descriptive calibration procedures are available in other 
disciplines, e.g., for soil carbon flux measurement cham-
bers (McGinn, 2006). A mass recovery test reported with-
out quantification of the injected and recovered masses 
standard uncertainties reduces confidence in emissions 
measurement. 
The main goal of this work was to introduce and de-
scribe a systematic methodology to commission REMS 
(full description of the system is available in Part I; Maia et 
al., 2015). In the commissioning phase, the operation of 
each subsystem of REMSs was assessed, followed by a 
mass recovery whole-system validation. In addition, this 
analysis determined systematic errors and combined uncer-
tainty related to a reference mass of tracer gas injected into 
the system, which was a new input, not assessed in Part I. 
To achieve these goals, the following objectives were com-
pleted: 
1. Subsystem performance validation prior to whole-
system evaluation. 
2. Whole-system evaluation, subdivided into four pro-
cedures: 
a) Chamber system dynamics, in order to deter-
mine the time to reach steady-state fresh air ex-
change rate. 
b) Quantification of mass recovered of a reference 
tracer gas (SF6) during steady-state operation. 
c) Determination of combined standard uncertain-
ty associated with the mass recovery and as-
sessment of individual contributions to the 
mass recovery standard uncertainty. 
d) Evaluation of systematic errors during whole-
system assessment and application of bias cor-
rection. 
This commissioning analysis fulfills the need to estab-
lish and document a procedure quantifying uncertainty of 
emissions measured with REMS. This procedure also ap-
plies to other respiration chambers and indirect calorimeter 
systems in operation, or to future designs. 
. 
MATERIALS AND METHODS 
REMS OVERVIEW 
REMS was installed in six metabolism stalls at the Uni-
versity of Illinois at Urbana-Champaign Beef and Sheep 
Field Facility and consists of four major subsystems: (1) six 
identical positive-pressure ventilated hood chambers 
(VHC), (2) an individual thermal environmental control 
subsystem (TECS) for each chamber, (3) a fresh air supply 
and measurement subsystem (FASMS), and (4) a gas sam-
pling subsystem (GSS). A description of the operation and 
a set of schematics of REMS are provided in Part I (Maia et 
al., 2015). Details of the FASMS, including design, con-
struction, and validation, can be found elsewhere (Ramirez, 
2014; Ramirez et al., 2014). 
SUBSYSTEM VALIDATION 
Individual subsystems were assessed for proper function 
initially in the commissioning. Detailed protocols for sys-
tem maintenance and testing are documented in a systemat-
ic standard operating procedure (Sun, 2013). All experi-
ments using animals were approved by the University of 
Illinois at Urbana-Champaign Institutional Animal Care 
and Use Committee (IACUC) under Protocol No. 11214. 
Ventilated Hood Chamber Pressure Distribution 
Positive pressurization was required over the entire in-
ternal volume of the VHCs to ensure no background gas 
infiltration could dilute the sample. Fifteen static pressure 
measurements were collected inside each of the six VHCs 
at five locations and three heights (fig. 1). A fresh air venti-
lation rate of 481 ±0.1 L min-1 (17 ±0.0035 cfm), was se-
lected as the expected flow during experiments and was 
used during all tests. The canvas hood was cinched during 
the test to create a similar situation as observed during pre-
liminary animal testing. An electronic differential manome-
ter (model 260-MS4, Setra, Boxborough, Mass.) was used 
to map chamber static pressure with respect to the room. A 
pressure buffer was attached to the end of the high-pressure 
port tube to reduce disturbances from turbulent air in the 
Figure 1. Static pressure sampling locations and heights: (a) top view 
showing the five sampling locations per height in the chamber and (b) 
front view showing the three sampling heights (upper, middle, and 
lower). 
 (a) Top view  (b) Front view
1         2
3
4            5
Rear
Front
Upper
Middle
Lower
Top
Bottom
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chamber. Results were reported as the average of each 
sample location across the three heights, and the average of 
the five cross-section sample locations for each of the three 
heights (fig. 2). A smoke test was performed to visually 
confirm positive pressurization, flow patterns, and gas mix-
ing. A smoke stick (S102, Regin HVAC Products, Inc., 
Oxford, Conn.) with 45 s burn-time and volume generation 
capacity of 4.25 m3 (150 ft3) was initially placed inside the 
feeding bin (bottom of the chamber), then around the out-
side of the chamber, and lastly in the canvas hood. 
Thermal Environment Performance 
A 23 h test with six steers (826 ±64 kg; one steer per 
chamber) was conducted to evaluate the ability of TECS to 
maintain set point temperature, remove moisture, and as-
sess the potential for condensation. Humidity ratio and dew 
point temperature were used as the thermal environment 
assessment parameters and were calculated for dry-bulb 
temperature and relative humidity measurements recorded 
every 43 s over the duration of the test. Animals were pro-
vided ad libitum food and water. 
Gas Sampling Subsystem Integrity 
Leakage along the gas sampling path (which contains 
multiple connections that are subject to potential leakage) 
from the sampling port can provide false, diluted gas con-
centration measurements. The GSS integrity was evaluated 
by supplying a constant flow of SF6 at a known concentra-
tion to the gas sampling port of each VHC and noting the 
concentration recorded at the gas analyzer (fig. 2; eq. 1). 
The supplied SF6 concentration was 6.235 ±0.004 ppmv 
(mean ±SD), which was the actual concentration measured 
by the gas analyzer when the primary certified tank of SF6 
was directly connected to the gas analyzer (flow of approx-
imately 4 L min-1) using a single connection free of leak-
age. The gas analyzer optical filter configuration and sam-
 
Figure 3. Experimental setup for steady-state mass recovery test in one chamber. Tracer gas (Cinj) was supplied at a constant volumetric flow 
rate ( injV ) from a mass flow controller. Mass recovered was determined from temperature (Tin, Tch), relative humidity (RHin, RHch), gas con-
centration (Cin, Cch), and ventilation rate ( inV ) measurements in REMS. 
Figure 2. Configuration of gas sampling subsystem integrity test for
one chamber. The sampling line was disconnected from the sampling
port at the top of the chamber and connected to the outlet of a tracer
gas cylinder. FASMS, TECS, and other GSS components are omitted 
for clarity. The same procedure and configuration were used for each 
of the six chambers. 
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pling integration time followed the same setup reported in 
Part I (Maia et al., 2015). The solenoid array in the gas 
multiplexer was independently tested and found to have no 
leaks prior to GSS integrity test (Sun, 2013): 
 100
on)(calibrati 
line) sampling (full GSSR ×=
target
measured
C
C
 (1) 
where 
GSSR = gas sampling subsystem recovery (%) 
Cmeasured = measured gas concentration (ppmv) 
Ctarget = target gas concentration determined from post-
calibration check (6.235 ppmv). 
Steady-State Mass Recovery Test 
A steady-state mass recovery test (SSMRT) was devel-
oped to provide a whole-system evaluation for one chamber 
at a time. The SSMRT consisted of injecting a known mass 
(reference) and comparing it to the mass measured by 
REMS. This approach is useful to verify system perfor-
mance and identify potential problems that might have de-
veloped, such as leaks or failed components (McLean and 
Tobin, 1987). 
EXPERIMENTAL SETUP 
Mass Flow Injected 
A SSMRT was performed individually in each of the six 
chambers with eight replicates (n = 8) over time for each 
chamber. The mass flow injected into the system was sup-
plied by a primary certified tank containing 3929 ppmv 
(first four replicates) and 3947 ppmv (last four replicates) of 
SF6 (tracer gas) balanced with N2 (Airgas, Inc., Bowling 
Green, Ky.) connected to a mass flow controller (MFC) 
(Series 4040, Environics, Tolland, Conn.) and set to inject a 
constant flow rate of 4 L min-1 (fig. 3). 
Mass Flow Recovered 
REMS was set to operate as if an animal were present in 
the chamber, with the TECS and FASMS operating and the 
feed bin in place. Dry-bulb temperature and relative humid-
ity from the background (incoming ventilation) and mixed 
chamber gas were recorded simultaneously with each gas 
concentration measurement during steady-state conditions. 
Fresh air ventilation was set at a constant rate for each 
SSMRT and ranged from 479.1 to 525.1 L min-1 (16.9 to 
18.6 cfm) for all chambers and replicates, which was the 
calculated ventilation rate required for control of moisture, 
temperature, and CO2 with one animal in the chamber for a 
cattle weight range of 230 to 1000 kg. Gas analyzer optical 
filter configuration and sampling integration time were set 
as reported in Part I (Maia et al., 2015). The outlet tube 
from the MFC was placed where the TECS recirculation 
supply and FASMS supply air streams mixed to ensure 
thorough mixing of the injected gas. The canvas hood lo-
cated in the back of the chamber was cinched around a 
38.1 cm (15 in.) diameter plastic pipe. The inside area of 
the pipe was sealed, and a 103 cm2 (16 in.2) section was 
removed to create a small opening serving as a conserva-
tive representation of the leakage around the animal’s neck. 
This procedure was verified to not affect positive pressuri-
zation of the chamber (Sun, 2013). Prior to gas injection, 
five consecutive background gas concentrations were 
measured at the ventilation inlet, followed by five addition-
al background measurements inside the chamber (fig. 4). 
During tracer gas injection, 12 consecutive measurements 
collected at steady-state were used to determine REMS 
mass flow recovered. Finally, after all chamber samples 
were collected, ten additional background concentrations 
were recorded and averaged with the first ten recorded 
background concentrations (prior to injection) to establish a 
mean background concentration (fig. 4). 
Steady-State Determination 
The system time constant was determined for each VHC 
from the time series recording of tracer gas injection. The 
time constants then served as a metric to determine the time 
to reach steady-state using five time constants (≅ 99% of 
steady-state; fig. 4). The time constant was determined as-
suming that the gas concentrations in each VHC acted as a 
 
Figure 4. The system was considered to be at steady-state after five system time constants. The recovery test procedure measured background
concentration first, allowed the chamber to reach steady-state, and concluded with additional background measurement. 
Elapsed time (min)
SF
6 (
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m
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first-order system (Zhang, 2005). Thus, this initial value 
problem (eq. 2) can be written as: 
 ( ) ( ) τ−−+=
t
ss eCCCtC 0  (2) 
where 
C(t) = tracer gas concentration as a function of time 
(ppmv) 
Cs = steady-state tracer gas concentration (ppmv) 
Co = incoming tracer gas concentration (ppmv) 
t = time (min) 
τ = system time constant (min-1). 
The regression parameters (Cs, Co, and τ) were estimated 
from a nonlinear regression of tracer gas concentrations 
versus elapsed time using the software package Origin-Pro 
9 (OriginLab, Northampton, Mass.). 
STEADY-STATE MASS RECOVERY ANALYSIS 
The measurement parameters described in the experi-
mental setup were used in the analysis of the ratio of mass 
recovered to mass injected. When expressed on a percent 
basis, this ratio determines the steady-state mass recovery 
percent (SSMRP). The total mass injected and recovered 
was obtained from the integration of the individual mass 
flow measurements collected over the steady-state period. 
The mass flow recovery equation was obtained from a der-
ivation of a tracer gas component mass balance (with VHC 
chamber as the control volume) at steady-state, while the 
mass flow injected equation was a function of the volumet-
ric flow and tracer gas cylinder concentration. 
Reference Mass Injected 
Mass flow injected was calculated from the measured 
injected volumetric flow rate and tracer gas concentration 
at steady-state: 
 610−×
⋅
⋅
××=
std
std
injinj
inj
TR
pMCVm   (3) 
where 
injm  = mass flow injected (g h-1) 
injV  = injected volumetric flow rate (m3 s-1) 
Cinj = injected gas concentration (ppmv) 
M = molecular mass of gas (146.06 kg mol-1) 
R = universal constant of ideal gases (8.314 m3 Pa  
K-1 mol-1) 
Tstd = standard temperature (273.15 K) 
Pstd = standard pressure (101325 Pa). 
The integration of mass flow injected over the steady-
state interval yields the total mass of tracer gas injected: 
 
=
×=
n
i
inj
ii
inj mtm
1
  (4) 
where 
n = number of steady-state measurements 
minj = total tracer gas mass injected by the reference (g) 
ti = time at steady-state measurement (h). 
 
Because the tracer gas injection rate was constant, the 
area under the curve (mass flow rate versus time) is simply 
the product of the mass flow rate injected and the duration 
of the steady-state test. 
Mass Recovered 
The moist air mass flow balance previously presented in 
Part I (Maia et al., 2015; eq. 1) requires an additional input 
due to the non-negligible mass contribution of the injected 
tracer gas mixture. Including the injected tracer gas flow 
rate, the moist air mass flow balance (eq. 5) becomes: 
 



ρ
ρ
×+



ρ
ρ
×= ma
ex
cyl
inj
injma
ex
ma
in
in
rec
ex VVV   (5) 
where 
rec
exV  = exhaust volumetric flow rate (m3 s-1) 
inV  = incoming air flow rate (m3 s-1) 
ma
inρ  = incoming moist air density (kg dry air m-3 moist air) 
ma
exρ  = exhaust moist air density (kg dry air m-3 moist air) 
injV  = injected tracer gas flow rate (m3 s-1) 
cyl
injρ  = dry density of the injected tracer gas at standard 
conditions (273.15 K and 101325 Pa) (6.52 kg dry 
mixture m-3 mixture volume). 
The second term on the right side of equation 5 accounts 
for tracer gas injection. Density of the tracer gas mixture 
(eq. 6) was determined as follows: 
 stdstdcylinj yy 6622 SFSFNN ρ×+ρ×=ρ  (6) 
where 
2Ny  = mole fraction of N2 in the cylinder (dimension-
less) 
std
2Nρ  = dry densities of N2 at standard conditions 
(1.25  kg dry mixture m-3 mixture dry volume). 
6SFy  = mole fraction of SF6 in the cylinder (dimension-
less) 
std
6SFρ  = dry densities of SF6 at standard conditions 
(6.17 kg dry mixture m-3 mixture dry volume). 
A gas mass flow balance similar to that derived in Part I 
(Maia et al., 2015; eq. 2) was used in the SSMRP analysis 
with one modification: substitution of the exhaust volumet-
ric flow rate ( recexV ) from equation 5, which accounts for 
the addition of the injected mass flow of the tracer gas into 
the chamber. The difference between the exhaust mass flow 
rate and the incoming mass flow rate ( gasinm ) produces the 
following mass recovery rate eq. (eq. 7): 
 
R
PM
T
CV
T
CVVm
b
in
in
in
ch
ch
ma
ex
cyl
inj
injma
ex
ma
in
in
rec
⋅
×








−×



ρ
ρ
+
ρ
ρ
=
−610

 (7) 
where 
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recm  = recovered gas mass flow (g h-1) 
Cch = chamber gas concentration (ppmv) 
Cin = incoming background gas concentration (ppmv) 
Tin = chamber dry-bulb temperature (K) 
Tch = incoming background dry-bulb temperature (K) 
M = molecular mass of gas (g mol-1) 
pb = local barometric pressure (98.639 kPa) (ASHRAE, 
2013). 
In Part I (Maia et al., 2015; eqs. 2 and 3), the difference 
between the exhaust gas mass flow and incoming gas mass 
flow was equal to the generated gas mass flow, which pro-
vides the animal emission rate: gasin
gas
ex
gas
gen mmm  −==ER . 
Here, the difference produces the mass flow recovered  
( gasin
gas
ex
rec mmm  −= ) instead (eq. 7). 
The total mass recovered (eq. 8) was determined by 
trapezoidal integration of the mass flow over the steady-
state period: 
 ( ) ( )−
=
++ +×−=
1
1
112
1n
i
rec
i
rec
iii
rec mmttm   (8) 
where 
n = number of steady-state measurements 
mrec = total tracer gas mass recovered by REMS (g) 
t = time at steady-state measurement i (h). 
The input parameters for this test included incoming and 
chamber temperatures, moist air densities, and tracer gas 
concentrations. 
Steady-State Mass Recovery 
The ratio of the mass recovered by REMS (eq. 8) to the 
mass injected by the reference (eq. 4) was defined as the 
SSMRP (eq. 9): 
 100SSMRP ×



= inj
rec
m
m  (9) 
where SSMRP is the steady-state mass recovery percent (%). 
UNCERTAINTY ANALYSIS OF STEADY-STATE  
MASS RECOVERY  
The steady-state mass recovery percent standard uncer-
tainty is determined from the propagation of standard un-
certainties (ISO/IEC, 2008; Taylor and Kuyatt, 1994) from 
input measurements to mass recovered (eq. 8) and mass 
injected (eq. 4). The standard uncertainty (Δ) of each pa-
rameter is the associated best estimate of combined meas-
urement error and is obtained with a truncated first-order 
Taylor series approximation applied to equations 3 and 7 
assuming independent measurements (Jordan, 1991; Gates, 
1994; Gates et al., 2009). The following sections character-
ize additional uncertainties associated with the commis-
sioning of the system and include uncertainty analyses for 
the reference mass injected (mass flow and total mass), 
mass recovered (total mass), and SSMRP reproducibility. 
Parameter standard uncertainties associated with mass flow 
recovered temperature, relative humidity, moist air density, 
ventilation rate, and gas concentration are described else-
where (Maia et al., 2015; Ramirez et al., 2014). A normal 
distribution (divisor = 1; C.I. ≈ 68%) or a rectangular dis-
tribution (divisor = √3; C.I. ≈ 68%) was applied to associ-
ated instrument uncertainties as appropriate (Taylor and 
Kuyatt, 1994). 
Reference Mass Injected 
The tracer gas mass flow injected uncertainty (eq. 10) 
was the combination of three primary sources of uncertain-
ty, including tracer gas concentration, injection mass flow, 
and gas density: 
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where 
injmΔ  = tracer mass flow injected standard uncertainty 
(g h-1) 
ΔCinj = tracer gas concentration standard uncertainty 
(ppmv) 
injVΔ  = tracer injected flow rate standard uncertainty 
(m3 s-1) 
cyl
injρΔ  = injected tracer gas mixture density standard un-
certainty (kg m-3). 
Tracer gas concentration standard uncertainty (eq. 11) 
was based on the primary certified tolerance specified by 
the manufacturer (Airgas, Inc., Bowling Green, Ky.) and 
the concentration uncertainty of the MFC accuracy. A rec-
tangular distribution was assumed for these two sources of 
uncertainty: 
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where 
MFCA = mass flow controller accuracy (±1% of the set 
point) 
SP = set point for CV (ppmv). 
PCT = primary certified tolerance (±1% of the certified 
value) 
CV = certified value (ppmv). 
The injected tracer gas flow rate had three major sources 
of uncertainty (eq. 12): calibration reference standard error 
obtained from the manufacturer’s National Institute of 
Standards and Technology (NIST) traceable calibration 
(normal distribution), repeatability of the measurements 
(rectangular distribution), and reading resolution (rectangu-
lar distribution): 
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where 
CRSEx = calibration reference standard error (3.63E-07 
m3 s-1; normal distribution) 
Rep = repeatability (0.0005⋅SP m3 s-1; rectangular distri-
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bution) 
Res = resolution (1.67E-11 m3 s-1; rectangular distribu-
tion). 
Tracer gas mixture density standard uncertainty (eq. 13) 
was defined from the combined contribution of uncertainty 
in molar fractions of constituents in the mixture: 
 
2
SF
SF
2
N
N
6
6
2
2




Δ
∂
ρ∂
+



Δ
∂
ρ∂
=ρΔ y
y
y
y
cyl
inj
cyl
injcyl
inj  (13) 
where 
2NyΔ  = molar fraction of nitrogen (dimensionless; ±1% 
relative; rectangular distribution) 
6SFyΔ  = molar fraction of sulfur hexafluoride (dimen-
sionless; ±1% relative; rectangular distribution). 
The mass injected standard uncertainty (eq. 14) was de-
termined as follows: 
 ( )[ ]21 injninj mttm Δ×−=Δ  (14) 
where 
n = number of steady-state measurements 
Δminj = tracer gas mass injected by the reference stand-
ard uncertainty (g) 
injVΔ  = injected flow rate standard uncertainty (m3 s-1) 
ΔCinj = injected tracer gas concentration standard uncer-
tainty (ppmv). 
Mass Recovered 
The standard uncertainty of mass recovered (eq. 15) can 
be written as: 
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where 
n = number of steady-state measurements 
Δmrec = total tracer gas mass recovered by REMS stand-
ard uncertainty (g) 
rec
imΔ  = mass flow recovered standard uncertainty (g h-1). 
Reproducibility 
Reproducibility (eq. 16) of SSMRP was the variability 
of the replicated measurements in time (n = 8) obtained 
over a one-year period (Taylor and Kuyatt, 1994): 
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where 
Repc = reproducibility of SSMRP for the cth chamber (%) 
n = number of replicates (n = 8) 
c = chamber {1,…, 6} 
r = replicate {1,…, 8} 
SSMRPc,r = steady-state mass recovery percent for the 
cth chamber and rth replicate (%) 
cSSMRP  = mean steady-state mass recovery percent for 
the cth chamber (%). 
Changes in conditions for the reproducibility test in-
cluded the personnel taking the measurements, time and 
day of the measurements, and changes in indoor and out-
door environmental conditions. 
Steady-State Mass Recovery Percent 
Finally, the SSMRP uncertainty (eq. 17) was obtained 
by combining the standard uncertainties associated with the 
mass injected, mass recovered, and SSMRP analysis repro-
ducibility: 
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where ΔSSMRP is the steady-state mass recovery percent 
standard uncertainty (%). 
A coverage factor of 2 (k = 2) was applied to the 
SSMRP standard uncertainty in order to expand the confi-
dence interval to approximately 95%. Relative standard 
uncertainty was also expanded following the same cover-
age factor. Table 1 summarizes the sources of uncertainties 
used to calculate ΔSSMRP. 
SYSTEMATIC BIAS ANALYSIS 
Test for Significance 
For each chamber, the SSMRPs and their standard un-
certainties calculated from the replicated SSMRT were 
used to determine if the mean SSMRP was significantly 
different from the hypothetical mean of 100% mass recov-
ered. If so, this would indicate that a bias existed in the 
mass recovered measurement for each chamber. 
Let the mean SSMRP for each chamber be an independ-
ent normal random variable with an unknown population 
mean, and let the best estimate of population variance be 
the square of the mean standard uncertainty of SSMRP. 
The mean standard uncertainty of SSMRP was calculated 
as follows: 
 ( )
=
Δ=Δ nr rcc n 1
2SSMRP1SSMRP ,  (18) 
where cSSMRPΔ  is the mean standard uncertainty of 
SSMRP (%). 
Equation 19 provides the basis for a hypothesis test for 
whether a significant systematic bias exists. For no bias, 
cSSMRP  for each chamber would be 100%. Assuming that 
cSSMRP  is distributed according to the Student t-
distribution with standard error given by equation 18, then: 
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is distributed according to the Student t-distribution with 
mean zero and unity variance, with n − 1 (= ν = 7) degrees 
of freedom. The test for significance was two-sided. 
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Bias Correction 
For systematic errors found to be significant (p < 0.05), 
a correction factor can be applied to the accumulated emis-
sion (eq. 20). The effective accumulated emission was ob-
tained from the multiplication of a correction factor (mean 
SSMRP fraction) by the computed accumulated emission 
(Maia et al., 2015): 
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c
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 (20) 
where 
eff
cE  = effective accumulated emission measured per 
chamber c (g)  
Ec = accumulated emission per chamber c (g; Maia et 
al., 2015; eq. 4). 
The standard uncertainty associated with effective ac-
cumulated emission (eq. 21) combined the accumulated 
emission standard uncertainty (Maia et al., 2015; eq. 6) and 
cSSMRPΔ  (eq. 18), yielding the following equation: 
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where effcEΔ  is the standard uncertainty of effective accu-
mulated emission per chamber c (g). If a significance test 
rejects the hypothesis of a system bias, the correction 
(eqs. 20 and 21) does not apply. 
RESULTS AND DISCUSSION 
SUBSYSTEM VALIDATION 
The spatial distribution of static pressure inside the 
chambers verified chamber positive pressurization. The 
thermal environment performance verified the thermal en-
vironmental control system removed moisture and main-
tained set point temperature when the VHC was occupied 
with an animal. The gas sampling subsystem evaluation as-
sessed discrepancies between the known reference gas con-
centration and the concentration measured with the gas ana-
lyzer. Each validation is summarized below. 
Ventilated Hood Chamber Pressure Distribution 
The six chambers were found to be positively pressur-
ized for all scenarios tested (fig. 1) with values ranging 
from 14.5 to 37.8 Pa. The minimum value of 14.5 Pa is 
approximately 60 times greater than the resolution of the 
pressure transducer (0.25 Pa). The average and standard 
deviation for each sample location across the three heights 
and the average and standard deviation for all sample loca-
tions at each height are summarized in table 2. Visual ob-
servation of chamber flow patterns with the smoke test also 
confirmed positive internal pressurization. Smoke was ob-
served to flow outward from the chamber to the room when 
smoke was released inside each chamber. No smoke en-
tered the chamber when released outside of each chamber. 
Table 1. Summary from instrument and parameter error analysis used to determine standard uncertainty associated with mass flow recovered, 
mass flow injected, and steady-state mass recovery percent. 
Symbol Unit Description Source of Uncertainty Manufacturer Source 
ΔTin, ΔTch K Dry-bulb temperature T/RH sensor 
Vaisala, HMP60-L, 
Helsinki, Finland Ramirez et al., 2014 
ΔRHin, ΔRHch % Relative humidity T/RH sensor 
Vaisala, HMP60-L, 
Helsinki, Finland Ramirez et al., 2014 
inVΔ  m3 s-1 Incoming flow rate Orifice meter Custom Ramirez et al., 2014 
ma
inρΔ , machρΔ  kg m
-3 Moist air density Equation 2-16 (Albright, 1990) - Ramirez et al., 2014 
ΔCin, ΔCch ppmv Gas concentration 
Infrared photoacoustic  
multi-gas analyzer 
Innova 1412, LumaSense 
Technologies, Inc., 
Santa Clara, Cal. 
Maia et al., 2015 
injVΔ  m-3 s-1 Injected flow rate Mass flow controller 
Series 4040, Environics, 
Tolland, Conn. Equation 12 
ΔCinj ppmv Tracer gas concentration Primary certified cylinder 
Airgas, Inc.,  
Bowling Green, Ky. Equation 11 
cyl
injρΔ  kg m
-3 Tracer gas mixture density Primary certified cylinder - Equation 13 
Repc % Replications of SSMRT 
Standard deviation  
of mean SSMRP - Equation 16 
Table 2. Pressure distribution for the six chambers at five sample locations and three heights corresponding to figure 2. Results are the average 
of each sample location across the three heights, and the average of the five cross-section sample locations for each of the three heights. 
Chamber 
Pressure (Pa; mean ±standard deviation) 
Cross-Section Location (n = 3)[a] Height (n = 5)[a] 
1 2 3 4 5 Upper Middle Lower 
1 25 ±2.1 25 ±0.9 23 ±1.7 24 ±1.4 24 ±1.1 23 ±1.5 25 ±1.4 24 ±1.1 
2 23 ±3.1 22 ±3.7 22 ±3.4 20 ±1.5 19 ±0.4 22 ±3.0 23 ±2.4 18 ±0.9 
3 23 ±0.9 22 ±4.1 21 ±0.4 24 ±2.7 21 ±1.2 24 ±2.2 21 ±1.1 22 ±2.6 
4 20 ±2.0 21 ±3.6 22 ±6.5 20 ±2.2 17 ±2.3 17 ±1.7 22 ±3.0 21 ±3.2 
5 33 ±6.7 35 ±2.0 35 ±1.6 35 ±0.6 33 ±2.2 35 ±1.8 35 ±1.2 32 ±4.3 
6 19 ±0.5 19 ±2.7 17 ±1.9 17 ±2.5 20 ±0.8 17 ±2.5 19 ±1.1 19 ±1.1 
[a] n = number of samples. 
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Thermal Environment Performance 
Temperature for each chamber was maintained within 
the desired temperature range (15°C to 25°C) for adult cat-
tle (FASS, 2010) with standard deviations of about 0.4°C. 
Chamber and background temperatures ranged from 20.5°C 
to 24.1°C and from 21.9°C to 26.2°C, respectively (fig. 5 
and table 3). Chamber temperatures were influenced by 
diurnal patterns of background temperature. Condensation 
or excessive moisture has substantial negative impacts on 
gas concentration measurements because of potential gas 
sample dilution and compromised analyzer operation. The 
TECS was effective for moisture removal, as seen by no 
increase in the humidity ratio (accumulation of moisture) of 
chambers above the background humidity ratio; thus, mois-
ture was constantly removed and kept below saturation 
(fig. 6 and table 3). The humidity ratio ranged from 8.1 to 
 
Table 3. Summary of dry-bulb temperatures, dew point temperatures, and humidity ratios inside the chambers with animals present for
approximately 23 h. 
Parameter  
Chamber 
Background 1 2 3 4 5 6 
Temperature 
(°C) 
Mean ±SD[a] 22.9 ±0.4 22.9 ±0.4 22.5 ±0.3 22.7 ±0.3 22.4 ±0.4 22.2 ±0.4 23.8 ±1.2 
Maximum 24.1 23.7 23.2 23.5 23.1 23 26.2 
Minimum 21.8 22.0 21.6 21.4 20.7 20.5 21.9 
Dew point 
temperature 
(°C) 
Mean ±SD[a] 15.7 ±0.8 14.8 ±0.9 15.9 ±0.7 15.4 ±0.6 14.6 ±0.7 15.3 ±0.7 15 ±1.1 
Maximum 17.2 17 17.2 16.8 15.9 17.2 16.6 
Minimum 13.7 12.4 13.2 12.0 10.6 13.0 11.4 
Humidity ratio 
(g H2O kg-1 dry air) 
Mean ±SD[a] 10.9 ±0.7 11.4 ±0.6 10.8 ±0.6 11.6 ±0.5 11.3 ±0.5 10.6 ±0.5 11.1 ±0.5 
Maximum 12.1 12.6 12.4 12.6 12.3 11.6 12.6 
Minimum 8.6 10.0 9.2 9.7 8.9 8.1 9.5 
[a] SD = standard deviation 
   
Figure 5. Example of temperature measurement over approximately 23 h for chamber 1 and the background. All chambers were maintained 
within the desired temperature range (upper limit of 25°C shown in figure) despite exceeding background conditions, and no condensation 
formed inside the chambers. 
 
 
Figure 6. Example of humidity ratio from temperature and relative humidity measurement over approximately 23 h for chamber 1 and the 
background. All chambers adequately removed moisture generated by the animal. 
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12.6 g H2O kg-1 dry air for chambers and from 9.5 to 12.6 g 
H2O kg-1 dry air for the background. The background tem-
perature for the duration of the test remained above the dew 
point temperatures (13.7°C to 15.9°C) inside the chambers; 
therefore, no internal condensation was formed. 
 
Gas Sampling Subsystem Integrity 
The six gas sampling paths (from each of the six cham-
bers through the multiplexer to the gas analyzer) evaluated 
in the gas sampling subsystem integrity test achieved a re-
covery within the uncertainty of the gas analyzer (≤ ±2%). 
Gas sampling subsystem recoveries ranged from 100.0% to 
101.4% of the expected value. Results indicated no leakage 
in the gas sampling path. 
STEADY-STATE DETERMINATION 
The time constant for the exchange rate of fresh air in 
each chamber (four replicates) ranged from 2.3 to 2.5 min-1, 
and the time for each chamber to reach steady-state (5τ) 
ranged from 11.6 to 12.5 min (table 4). An example nonline-
ar regression (eq. 2) plot for a chamber is shown in figure 7. 
This information established that gas concentration meas-
urements used to calculate mass flow recovered should be 
made 14 min after the start of injection (a conservative esti-
mate that ensured steady-state for all chambers). 
Overall uncertainty for the regression was quantified 
with the regression standard error (SE). The SE of each 
coefficient (i.e., τ) provides information about the overall 
uncertainty associated with the computation of the time 
constant. In addition, the average coefficients of determina-
tion (R2) were greater than 0.99 for the nonlinear regression 
applied to equation 2. 
The time to reach steady-state was used to improve ex-
perimental and operational protocols. For example, gas 
sampling should not begin until chamber conditions reach 
steady-state (i.e., after 14 min). Once gas concentration 
profile patterns are stable, changes in CH4 generation can 
be estimated. For REMS, injected gas should be allowed to 
mix undisturbed for at least 14 min prior to using gas con-
centration measurements for analysis. In addition, if the 
chamber is opened during an experiment, gas concentration 
measurements must be discarded until the gas inside the 
chamber has returned to steady-state. 
Four hours were required to perform a complete steady-
state recovery analysis for the six chambers. In addition, 
one SF6 primary certified tank can be used to complete 
24 mass recovery tests. Alternative methods of mass recov-
ery tests, such as gas release from a cylinder on a scale or 
single-volume gas injection from a canister, can take 4 to 
24 h to complete (Hellwing et al., 2012; Williams et al., 
2007) and require a larger volume of gas. 
STEADY-STATE MASS RECOVERY ANALYSIS 
The mean SSMRP for the six chambers ranged from 
92.0% (chamber 3) to 96.6% (chamber 6) (table 5). The 
reproducibility (standard deviation of the SSMRP mean) 
for each chamber ranged from 1.3% (chamber 5) to 3.2% 
(chamber 4). The technical literature has recommended 
recoveries of 95% to 105% for newly constructed respira-
tion chambers (Suzuki et al., 2007), or an extensive evalua-
tion should be conducted to attain 100% recovery (McLean 
and Tobin, 1987). Equally important, however, is the sys-
tematic quantification and documentation of the uncertain-
ties and bias associated with the recovery test. Lower re-
covery, such as measured here, can be attributed to several 
factors, including gas sampling system leakage, measure-
ment errors, and non-ideal mixing inside the chamber. The 
commissioning suggests that GSS leakage and infiltration 
in the chamber can be excluded as a cause of lower recov-
ery because the GSS underwent a comprehensive and sys-
tematic evaluation of leaks, and the chamber was verified as 
a positively pressurized low-leak system. Second, instrument 
measurement error has been exhaustively covered (Maia et 
al., 2015) and is less than the apparent bias observed. Non-
ideal mixing patterns could occur from short-circuiting of 
the injected gas inside the chamber. While that might be a 
cause for recoveries lower than 95% in this work, the high 
reproducibility of the recoveries further indicate a con-
sistent bias. For these cases, systematic errors can be cor-
rected following the previously described methods. 
A correction factor may be applied in the event that re-
covery percent is not improved and is different from 100% 
(McLean and Tobin, 1987). McGinn et al. (2004) created 
correction factors accounting for between-chamber differ-
Table 4. Summary of nonlinear regression (eq. 2) for four replicates
(n = 4) to determine the time constant (τ) for the exchange rate of
fresh air and the time to reach steady-state (5τ). Each chamber had a
unique time to reach steady-state, ranging from 12.99 to 13.92 min;
therefore, SSMRT analysis was conducted with gas concentration
measurements after 14 min. 
Chamber 
Parameter 
(minimum - maximum) 
Maximum Time 
to Reach  
Steady-State 
(5τ, min) R2 
Regression 
SE (ppmv) 
τ 
(min-1) 
1 0.98 - 1 0.2 - 1.2 2.2 - 2.7 13.5 
2 0.98 - 1 0.1 - 1.1 2.1 - 2.8 13.9 
3 0.99 - 1 0.2 - 0.9 2.2 - 2.6 13.0 
4 0.98 - 1 0.1 - 1.3 2.1 - 2.7 13.4 
5 0.98 - 1 0.3 - 1.0 2.3 - 2.6 13.1 
6 0.99 - 1 0.1 - 1.0 2.4 - 2.7 13.7 
 
Figure 7. Example of the nonlinear regression steady-state analysis for
one chamber. The solid line is the nonlinear regression (eq. 2) fitted to
the measured concentrations(data). Five time constants (5τ) were used 
as a conservative estimate for determining the time to steady-state 
(<14 min for all chambers). 
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ences in order to increase treatment sensitivity. Using three 
replicated mass recovery tests during the course of an exper-
iment, a correction factor for each chamber was obtained 
from the ratio of the maximum recovery to the other cham-
bers’ recovery (McGinn et al., 2004). However, the devel-
opment, validity, and consequence of these correction factors 
are scarcely documented, and what is reported does not in-
clude detailed experimental and analytical procedures to 
determine mass recovery percent and its associated standard 
deviation (i.e., standard deviation of replicates or of the set of 
chambers; Ramirez, 2014). An approach to correct for con-
sistently lower recoveries such as encountered here was im-
plemented to include reproducibility in the calculation of the 
mean SSMRP standard uncertainty (eqs. 17 and 18). 
STANDARD UNCERTAINTY FOR STEADY-STATE  
MASS RECOVERY 
Standard uncertainty associated with the mass of recov-
ered and injected tracer gas and their ratio (SSMRP) are 
reported in table 6. All six chambers exhibited a standard 
uncertainty of mass recovered of <0.06 g SF6 (table 6), or 
less than 6.0% on a relative basis. Prior to integration over 
the steady-state test period, mass flow recovered standard 
uncertainty was similar to that reported for emission rate 
standard uncertainty (Maia et al., 2015). This was expected 
because the individual sources for uncertainty in the mass 
flow recovery and the uncertainties associated with these 
sources were equivalent to those used to determine the un-
certainties associated with emission rates. Mass injected 
standard uncertainty was the same for all six chambers 
(<0.01 g of SF6) with a relative standard uncertainty of 
1.1% for all chambers and all replicates. 
Contributions from Mass Flow Recovered 
For all six chambers, ventilation rate contributed the most 
to the mass flow recovered standard uncertainty, with contri-
butions ranging from 48.3% (chamber 1) to 60.3% (cham-
ber 4) (fig. 8). Concentration measurement during steady-
state was the second highest contributor, ranging from 32.8% 
(chamber 4) to 42.1% (chamber 1), followed by background 
concentration measurement, which ranged from 5.5% 
(chamber 4) to 8.0% (chamber 3) (fig. 8). Absolute standard 
uncertainties of ventilation rate measurement (Ramirez, 
2014; Ramirez et al., 2014) and concentration measurement 
(Maia et al., 2015) are discussed elsewhere. Remaining 
sources (chamber and background temperature, density, and 
injected flow) totaled less than 3.0% for all chambers and all 
replicates. Although the background mass of SF6 was not 
neglected in this analysis, it had a minimal effect on the 
overall standard uncertainty because SF6 background con-
centrations were close to zero. The decision to maintain SF6 
background concentrations in the recovery model was re-
tained so that this methodology may be extended to other 
candidate gases for which background concentrations are 
substantially present and variable (i.e., CO2 or CH4). 
Contributions from Mass Flow Injected 
For all six chambers, injected tracer gas flow uncertainty 
contributed the most to the mass flow injected standard 
 
Figure 8. Relative mean contribution to mass flow recovered standard uncertainty averaged for all replicates. Error bars represent standard
deviations obtained by replicates. Other parameters are omitted for clarity and had <3% contribution. Major contributions from ventilation 
rate and concentration measurement were consistent across all the six chambers. 
Table 5. Summary of mass recovered by each chamber, mass injected
by the reference, and the mean SSMRP for eight replicates. 
Chamber 
Parameter (minimum - maximum) 
Mass 
Recovered 
(g) 
Mass 
Injected 
(g) 
SSMRP  ±Rep[a] 
(%) 
1 0.7 - 1.0 0.8 - 1.1 93.2 ±1.7 
2 0.8 - 1.0 0.8 - 1.1 94.9 ±1.6 
3 0.7 - 1.0 0.8 - 1.1 92.0 ±2.2 
4 0.7 - 1.0 0.8 - 1.1 92.8 ±3.2 
5 0.8 - 1.1 0.8 - 1.1 94.3 ±1.3 
6 0.8 - 1.1 0.8 - 1.1 96.6 ±1.4 
[a] Rep = reproducibility (eq. 16). 
Table 6. Absolute (Abs.) and relative (Rel.) standard uncertainties for 
mass recovered and mass injected. The range of absolute standard 
uncertainties for SSMRP is also reported. 
Chamber 
Combined Standard Uncertainty 
(minimum - maximum) 
ΔSSMRP 
(%) 
Mass Recovered 
 
Mass Injected 
Abs. 
(g) 
Rel. 
(%) 
Abs. 
(g) 
Rel. 
(%) 
1 <0.06 5.2 - 5.3  <0.01 1.1 5.2 - 5.4 
2 <0.06 5.5 - 5.5  <0.01 1.1 5.4 - 5.7 
3 <0.06 5.3 - 5.3  <0.01 1.1 5.4 - 5.7 
4 <0.06 5.7 - 5.7  <0.01 1.1 6.2 - 6.5 
5 <0.06 5.3 - 5.5  <0.01 1.1 5.2 - 5.4 
6 <0.06 5.2 - 5.2  <0.01 1.1 5.2 - 5.5 
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uncertainty (91.0%; fig. 9). The remaining 9.0% contrib-
uting to mass flow injected standard uncertainty was uncer-
tainty related to injected concentration. This illustrates the 
importance of having an accurate and stable mass flow con-
troller or other source of constant gas injection. 
Contributions from SSMRP 
The three major sources of uncertainty in SSMRP for 
each chamber (mass injected, mass recovered, and repro-
ducibility) were assessed in terms of their relative contribu-
tion to overall SSMRP uncertainty. Mass recovered uncer-
tainty contributed from 70.1% (chamber 4) to 90.7% 
(chamber 5) to SSMRP standard uncertainty, while mass 
injected uncertainty contributed from 2.5% (chamber 4) to 
4.0% (chamber 6; fig. 10). The small contribution of the 
reference mass injected was due to the use of accurate in-
strumentation and gas certification, which highlights the 
importance of providing detailed uncertainty information 
for the reference mass to improve confidence in recovery 
results. Reproducibility had a small but substantial contri-
bution, ranging from 5.6% (chamber 5) to 27.3% (cham-
ber 4), to the SSMRP standard uncertainty (fig. 10), which 
reflects qualified personnel operating the system combined 
with regular instrument drift checks and calibration. By 
reducing the uncertainty in the major sources identified 
here, such as ventilation rate and gas concentration meas-
urement, the SSMRP standard uncertainty can also be de-
creased. 
 
Bias Evaluation for Accumulated Emissions 
Systematic errors (bias) were significant (p < 0.05) for 
chambers 1 through 5, as summarized in table 7. Bias cor-
rection is hence recommended for chambers 1 through 5 
(eqs. 21 and 22) and not needed for chamber 6. Note that as 
new experiments are performed, correction factors used to 
 
Figure 9. Relative mean contribution to mass flow injected standard uncertainty averaged for all replicates. Standard deviations obtained by 
replicates were much less than 1%. Injected flow contributed approximately 91% to mass flow injected standard uncertainty. 
 
 
Figure 10. Mean relative contribution to steady-state mass recovery percent (SSMRP) standard uncertainty for all replicates. Error bars repre-
sent standard deviations for replicates (n = 8). Mass recovered had the greatest contribution, while the contribution of reproducibility was posi-
tively correlated with its magnitude. 
Table 7. Inference testing to determine chambers biases using eight
replicates of the SSMRT over one year. 
Parameter 
Chamber 
1 2 3 4 5 6 
cSSMRP  (%) 93.2 94.9 92.0 92.8 94.3 96.6 
cSSMRPΔ  (%) 1.9 2.0 2.0 2.2 1.9 1.9 
p-Value 0.009 0.037 0.005 0.015 0.019 0.113 
Bias?[a] Yes Yes Yes Yes Yes No 
[a] Bias correction is recommended for chambers 1 through 5 (eqs. 21 and 
22) and not recommended for chamber 6. 
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calculate the effective accumulated emissions should be 
updated, pending the results of new SSMRTs.An example 
of the calculated accumulated emissions and standard un-
certainty is presented in table 8 for the six chambers. The 
data provided in table 8 were obtained from six large steers 
placed in the chambers for approximately 24 h. Values 
from chambers 1 through 5 were corrected for systematic 
errors, and their corresponding effective emissions were 
determined. 
For all six chambers, as the accumulated emissions in-
creased, the relative standard uncertainty decreased. This 
result was similar to the result found in the ER sensitivity 
analysis documented in Part I (Maia et al., 2015). The ef-
fective accumulated emissions and associated standard un-
certainty increased after application of the systematic error 
correction (eqs. 20 and 21) for chambers 1 through 5. Me-
thane emissions as a proportion of body weight and dry 
matter intake (BMI) are provided in table 9. 
Analysis of the effects of different treatments on CH4 
emissions is beyond the scope of this work; however, there 
are important implications relative to using the methods 
presented here. For example, the sources of measurement 
errors combined into the emission standard uncertainty 
(corrected or uncorrected) are rarely used in a means com-
parison to evaluate the effects of, e.g., diet, management, or 
genetics on CH4 production. Consequently, treatment ef-
fects are often found to be significant because measurement 
errors are not accounted for. Alternatively, treatment ef-
fects detected by REMS have a high probability of repre-
senting real effects. REMS is a major contribution toward 
the integration of measurement system uncertainty analysis 
into statistical design. 
SUMMARY AND CONCLUSIONS 
In commissioning REMS, its subsystems were individu-
ally evaluated, followed by a whole-system evaluation via 
SSMRT analysis. The SSMRT analysis included REMS 
steady-state determination, the steady-state mass recovery 
ratio expressed on a percent basis (SSMRP), and the rela-
tive contributions of individual sources of uncertainty to the 
SSMRP uncertainty. 
Subsystem evaluation: Results of the subsystem evalu-
ation showed that the six chambers were positively pressur-
ized, maintained a suitable thermal environment, and had 
no leakage along the sampling path from the chamber to the 
gas analyzer. No obvious errors or malfunctions were 
found; therefore, any loss of mass indicated by the SSMRT 
was due to other sources of errors than the ones found in 
the subsystem assessment. 
Steady-state mass recovery test: The SSMRT analysis 
quantified the degree of mass conservation detected by 
REMS. It served as a whole-system verification, identified 
random and systematic errors, and determined the time 
constant for the exchange rate of fresh air in each chamber. 
Steady-state determination: Steady-state operation 
was quantified and was achieved within 14 min for all six 
chambers (five time constants). A mathematically deter-
mined time constant provides insight into chamber mixing 
patterns, which improves the development of experimental 
and operational procedures and protocols. Changes in the 
time constants over time are a useful metric to identify sys-
Table 8. Sample accumulated CH4 emissions and associated standard uncertainty calculation for six steers fed grain and forage diets.
Correction factors and their associated standard uncertainty were applied to accumulated emissions data for chambers 1 through 5. 
Chamber Animal 
Body Weight 
(kg) Diet 
E ±ΔE 
(g d-1)[a] 
Relative 
ΔE (%) 
Correction 
Factor 
Eeff ±ΔEeff 
(g d-1)[b] 
Relative 
ΔEeff (%) 
1 A 922.6  Forage 75.59 ±8.72 11.53 1.07 81.07 ±9.49 11.71 982.0 Grain 43.56 ±5.80 13.31 46.71 ±6.29 13.46 
2 B 740.3 Forage 112.36 ±9.85 8.77 1.05 118.34 ±10.66 9.01 793.8 Grain 110.22 ±9.19 8.34 116.10 ±9.98 8.59 
3 C 787.0 Forage 109.09 ±8.38 7.68 1.09 118.56 ±9.44 7.96 862.3 Grain 105.31 ±7.34 6.97 114.46 ±8.33 7.28 
4 D 782.9 Forage 69.69 ±7.34 10.54 1.08 75.07 ±8.11 10.81 771.1 Grain 74.06 ±6.65 8.97 79.79 ±7.41 9.29 
5 E 904.0 Forage 74.79 ±5.81 7.77 1.06 79.32 ±6.36 8.02 879.5 Grain 106.37 ±8.66 8.14 112.80 ±9.46 8.38 
6 F 882.7 Forage 119.26 ±7.65 6.42 - - - 843.2 Grain 123.22 ±8.14 6.60 - - 
[a] Accumulated emissions with standard uncertainty reported (Maia et al., 2015; eq. 4). 
[b] Effective accumulated emissions from application of correction factor (eq. 20) with standard uncertainty reported (eq. 21). 
Table 9. Methane emissions as a proportion of dry matter intake
(DMI) before and after bias correction. Each animal was placed in
REMS for two different diets (forage and grain) for 24 h each in 
different periods. 
Animal Diet 
GS[a] 
DMI 
(kg d-1) 
REMS[b] 
DMI 
(kg d-1) 
Methane Emissions 
(g CH4 kg-1 DMI d-1) 
Uncorrected 
Bias 
Corrected 
A Forage 14.6 6.0 7.2 7.8 
Grain 15.9 0.9[c] 86.4 92.7 
B Forage 11.3 8.1 13.6 14.3 
Grain 12.8 6.0 18.9 19.9 
C Forage 10.8 7.0 15.1 16.4 
Grain 13.5 7.3 14.9 16.2 
D Forage 7.8 6.0 12.3 13.2 
Grain 11.6 8.0 8.7 9.4 
E Forage 12.1 6.2 17.0 18.1 
Grain 16.7 10.3 7.3 7.7 
F Forage 8.9 4.2 29.3 n.a. 
Grain 12.9 6.6 18.2 n.a. 
[a] Dry matter intake within a GrowSafe (GS)  environment (average DMI 
ten days prior to transfer of animals to REMS). Data source for DMI 
values: Lehman et al. (2014). 
[b] Dry matter intake while animal was in REMS. A lower intake was 
observed for animals inside the chamber, as previously reported 
(Freetly and Brown-Brandl, 2013). Additional training might be re-
quired before animals are exposed to treatment in REMS. 
[c] Animal did not consume food in the chamber. 
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tem drift or other problems. 
Steady-state mass recovery percent: REMS mass con-
servation was assessed as the ratio between the total mass 
recovered by REMS and a precisely metered amount of 
mass injected by the reference. Mean SSMRP for the six 
chambers ranged from 92.0% (chamber 3) to 96.6% 
(chamber 6) with a reproducibility ranging from 1.3% 
(chamber 5) to 3.2% (chamber 4). The SSMRP absolute 
expanded uncertainty (k = 2, ~95% C.I.) ranged from 
10.4% (chambers 1, 5, and 6) to 13.0% (chamber 4) and 
accounted for individual instrument measurement uncer-
tainties, mass recovered uncertainty, mass injected uncer-
tainty, and reproducibility. 
Individual uncertainty relative contributions: 
SSMRP uncertainty relative contributions ranged from 
70.1% (chamber 4) to 90.7% (chamber 5) for mass recov-
ered, from 2.5% (chamber 4) to 4.0% (chamber 6) for mass 
injected, and from 5.6% (chamber 5) to 27.3% (chamber 4) 
for recovery test reproducibility. Uncertainties related to 
the orifice meter and gas analyzer were the two major 
sources of uncertainty for the mass recovered, with the ori-
fice meter being the highest. These two uncertainty sources 
were analyzed in detail for REMS emission rates in Part I 
(Maia et al., 2015). The mass flow controller was the major 
source of uncertainty for the injected reference mass. 
Systematic error: Significant systematic errors were 
detected in the SSMRT analysis for chambers 1 through 5. 
A correction (eq. 20) is recommended for accumulated 
emissions calculated from these chambers. 
While this analysis was applied to only REMS, it applies 
equally to any open-circuit respiration chamber or, by ap-
propriate measurements, to indirect calorimetry. Confi-
dence in a measurement system is strongly dependent on 
the quality of the information obtained from instrument 
resolution, reproducibility, calibration reference standard 
error, other calibration parameters, and manufacturers’ 
traceable and non-traceable accuracy. Integration of these 
sources of uncertainty and development of an expanded 
standard uncertainty using coverage factors provides confi-
dence intervals for operation and emission measurements. 
In addition, analysis of the relative contributions of indi-
vidual uncertainty sources to overall system uncertainty 
should be performed, along with the assessment and correc-
tion (if applicable) of system systematic errors. In conclu-
sion, a comprehensive analysis of measurement uncertainty 
should be an integral part of the experimental design of any 
open-circuit respiration system constructed to study the 
effects of different treatments on ruminant emissions. 
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